Summary: Molecular-similarity searches based on two-dimensional (2D) fingerprint and threedimensional (3D) shape represent two widely used ligand-based virtual screening (VS) methods in computer-aided drug design. 2D fingerprint-based VS utilizes the binary fragment information on a known ligand, whereas 3D shape-based VS takes advantage of geometric information for predefined features from a 3D conformation. Given their different advantages, it would be desirable to hybridize 2D fingerprint and 3D shape molecular-similarity approaches in drug discovery. Here, we presented a general hybrid molecular-similarity protocol, referred to as HybridSim, obtained by combining the 2D fingerprint-and 3D shape-based similarity search methods and evaluated its performance on 595,036 actives and decoys for 40 pharmaceutically relevant targets available in the Directory of Useful Decoys Enhanced (DUD-E). Our results showed that HybridSim significantly improved the overall performance in 40 VS projects as compared with using only 2D fingerprint and 3D shape methods. Furthermore, HybridSim-VS, the first online platform using the proposed HybridSim method coupled with 17,839,945 screenable and purchasable compounds, was developed to provide large-scale and proficient VS capabilities to experts and nonexperts in the field. Availability and implementation: HybridSim-VS web server is freely available at http://www.rcidm. org/HybridSim-VS/.
Introduction
Virtual Screening (VS) based on molecular similarity is widely used in drug discovery. Molecular-similarity based VS can be generally categorized into two classes according to whether three-dimensional (3D) conformational information is considered: two-dimensional (2D) similarity and 3D similarity VS. Most 2D similarity VS algorithms commonly compute the Tanimoto coefficient (Willett et al., 1998) between the query structure and a VS chemical library utilizing molecular fingerprints, such as Molecular ACCess System (MACCS) (O'Boyle et al., 2011) , Daylight-type (FP2) (O'Boyle et al., 2011) and atom-center fragments (Yan et al., 2012) .
A previous study suggested that 2D-fingerprint similarity allows higher performance in VS (Venkatraman et al., 2010) ; however, the 'scaffold hopping' ability of such methods is controversial (Renner and Schneider, 2006; Venkatraman et al., 2010) . By contrast, 3D shape-based VS methods capture the shape and functional features required for the biological interaction, implying that these methods are generally capable of scaffold hopping (Venkatraman et al., 2010; Yan et al., 2013) . Nevertheless, 3D methods generally have a lower performance in VS than 2D-fingerprint-based approaches. Given their different advantages, it would be desirable to hybridize molecular-similarity approaches involving 2D fingerprint and 3D Applications Note shape for use in drug discovery (Gfeller et al., 2013; Venkatraman et al., 2010) .
Here, we present a general hybrid molecular-similarity protocol, HybridSim, created by combining 2D fingerprint-and 3D shapebased similarity search methods. Performance evaluation of HybridSim on the 40 pharmaceutically relevant targets available in the Directory of Useful Decoys Enhanced (DUD-E) (Mysinger et al., 2012) showed that HybridSim improved the overall VS performance as compared to the results obtained by using only the established 2D-fingerprint and 3D-shape methods, such as MACCS, FP2 and weighted Gaussian algorithm (WEGA) (Yan et al., 2013) . Furthermore, to facilitate its use, the proposed method was made available as a user-friendly web tool (HybridSim-VS).
Materials and methods

Hybrid-similarity method
We used a new hybrid-similarity metric combining 2D fingerprint and 3D shape called HybridSim to calculate compound similarity. The detailed HybridSim method can be found in Part I of the Supplementary Material. Briefly, the molecular similarity of two molecules, A and B, is defined as follows:
where TC(AB, fingerprint) and TC(AB, shape) represent the Tanimoto coefficient (TC) of molecules A and B based on their 2D fingerprint and 3D shape, respectively. The fingerprint-similarity measurement used in this work is based on the FP2 and MACCS fingerprints implemented in Openbabel (O'Boyle et al., 2011).
Shape similarity is defined using the recently published WEGA method, which is particularly efficient and accurate for ligand-based VS (Yan et al., 2013) and can be efficiently used for scaffold hopping in a lead identification process (Ge et al., 2014) . In the HybridSim method, the shape-feature combo-scoring function used in WEGA was used for molecular-shape similarity calculations.
HybridSim was tested against a standard database of active and decoy molecules for 40 pharmaceutically relevant protein targets in the DUD-E database (Supplementary Table S1 ), and the performance was evaluated using standard evaluation metrics, including the area under the receiver operating characteristic curve (Supplementary  Tables S2 and S3 ), the enrichment factor (Supplementary Tables S2  and S4 ) and hit rate (Supplementary Tables S5-S7) . Our results demonstrated that HybridSim outperformed pure 2D-fingerprint-based and 3D-shape-based similarity methods in a VS context. Detailed validation methods and results are summarized in Part II of the Supplementary Material.
Data setup
A total of 17 839 945 screenable and purchasable compounds, including DrugBank, focus libraries, traditional Chinese medicine and natural products, and commercially available molecules, were retrieved from different sources, and multiple 3D conformers were pre-generated for each compound to facilitate HybridSim-VS calculation. The detailed methods involved in constructing the screenable dataset can be found in Part III of the Supplementary Material.
HybridSim-VS WEB SERVER
The HybridSim-VS web server (http://www.rcidm.org/HybridSim-VS/) was designed for large-scale ligand-based VS using the HybridSim method. It allows users to input a 2D or 3D chemical structure (drawn online or uploaded in multiple chemical structure file formats) as the query structure for VS. The input 2D structure will be automatically converted into a single 3D conformer using Openbabel. To enable the possibility for users to further analyze their VS results, HybridSim-VS provides two options for scaffold diversity and properties-based drug-like analysis to deal with user-defined top hits (Part III of the Supplementary Material). A case study can be found in Part IV of the Supplementary Material. Although 3D-shape similarity calculation is slower, HybridSim-VS calculations are moderate, because it employs a multithreading design running on 6 CPU cores. For example, a typical query to the Maybridge (59 802 entities) in HybridSim-VS takes $12 min to $15 min.
Conclusion
A new hybrid-similarity metric combining 2D fingerprint and 3D shape called HybridSim for calculating compound similarity was proposed and validated in a VS context. HybridSim outperformed use of only the popular 2D FP2-, MACCS-and 3D WEGA-based similarity methods. Based on the HybridSim method, we constructed HybridSim-VS, a highly optimized, user-friendly web server for large-scale VS. HybridSim-VS will be updated in a timely manner with newly released predefined libraries, with new libraries and hybrid-similarity methods added. Conflicts of Interest: none declared.
